Background/Aims: Intermittent hypoxia (IH) has been shown to exert preconditioning-like cardioprotective effects. It also has been reported that IH preserves intracellular pH (pHi) during ischemia and protects cardiomyocytes against ischemic reperfusion injury. However, the exact mechanism is still unclear. Methods: In this study, we used proton indicator BCECF-AM to analyze the rate of pHi recovery from acidosis in the IH model of rat neonatal cardiomyocytes. Neonatal cardiomyocytes were first treated with repetitive hypoxia-normoxia cycles for 1-4 days. Cells were then acid loaded with NH 4 Cl, and the rate of pHi recovery from acidosis was measured. Results: We found that the pHi recovery rate from acidosis was much slower in the IH group than in the room air (RA) group. When we treated cardiomyocytes with Na + -H + exchange (NHE) inhibitors (Amiloride and HOE642) or Na + -free Tyrode solution during the recovery, there was no difference between RA and IH groups. We also found intracellular Na + concentration ([Na + ] i ) significantly increased after IH exposure for 4 days. However, the phenomenon could be abolished by pretreatment with ROS inhibitors (SOD and phenanathroline), intracellular calcium chelator or Na + -Ca 2+ exchange (NCX) inhibitor. Furthermore, the pHi recovery rate from acidosis became faster in the IH group than in the RA group when inhibition of NCX activity. Conclusions: These results suggest that IH would induce the elevation of ROS production. ROS then activates Ca 2+ -efflux mode of NCX and results in intracellular Na + accumulation. The rise of [Na + ] i further inhibits the activity of NHEmediated acid extrusion and retards the rate of pHi recovery from acidosis during IH.
Introduction
Intermittent hypoxia (IH), or periodic exposure to hypoxia interrupted by return to normoxia or less hypoxic conditions, occurs in several circumstances (e.g., asthma and obstructive sleep apnea). IH leads to an increase in intracellular reactive oxygen species (ROS) generation during reoxygenation following hypoxia [1] . Previously, excess ROS production was considered harmful because it may cause lipid peroxidation, protein oxidation, DNA damage, and intracellular ion deregulation [2, 3] . However, it is now generally accepted that ROS may exert beneficial effects because short or moderate durations of ROS generation confer a preconditioning cardioprotective effect against ischemia/reperfusion injury [4, 5] .
Intracellular pH (pHi) is an important modulator of cardiac excitation and contraction and a potent trigger of electrical arrhythmia [6] . Thus, pHi regulation is an important process to preserve the physiological function of cardiomyocytes. An increased generation of protons extruded from the cell via Na + -H + exchange (NHE) during ischemia results in an increased intracellular Na + concentration ([Na + ] i ) [7, 8] . overloading) and results in cell death. More importantly, several studies have shown that IH may confer rat cardiomyocytes protection against ischemic acidosis and retard the pHi recovery rate during reperfusion, which might be beneficial in maintaining the cell function [9, 10] . However, the exact mechanism of an IH-induced cardioprotective effect remains unclear. Our previous study has shown that IH induces a mild increase in ROS generation not resulting in cardiomyocyte death. This non-lethal ROS level resulted in an increased NCX-1 expression and activity and led to enhanced Ca 2+ efflux from the cells [11] . In this study, we further examined the rate of pHi recovery from acidosis in the IH model of rat neonatal cardiomyocytes. Our results showed that the production of IH-induced ROS could inhibit the activity of NHE-mediated acid extrusion via intracellular Na + accumulation, which slowed the rate of pHi recovery from acidosis during IH.
Materials and Methods

Preparation of neonatal rat cardiomyocytes
Neonatal rat cardiomyocytes were prepared and cultured as previously described [12] . In brief, 2-daysold Sprague-Dawley rats (males and females) were sacrificed by cervical dislocation and decapitated. The ventricles were minced, and tissue fragments were dissociated by enzyme digestion (0.051% pancreatine and collagenase in Hank's buffer), followed by enzyme inactivation using an F-12 medium (80% F-12 nutrient mixture, 10% fetal bovine serum, 10% horse serum, and 1% penicillin). Non-cardiomyocytes were removed when the cells were pre-plated for 1 hr at 37°C in an incubator (21% O 2 , 5% CO 2 ). Cardiomyocytes were plated on 35-mm collagen-coated cover slips in F-12 medium with 10 μM cytosine arabinoside, and the medium was daily replaced. All procedures were performed in accordance with the Animal Care Guidelines of the Tzu Chi University.
Chemicals and solutions
N-2-hydroxy-ethylpiperazine-N′-2-ethanesulphonic acid (HEPES) buffered Tyrode solution comprised 140 mM NaCl, 4.5 mM KCl, 1.2 mM MgCl 2 , 2.0 mM CaCl 2 , 11 mM glucose, and 10 mM HEPES, with pH adjusted to 7.4 at 37°C with NaOH. Ca 2+ -free medium lacked CaCl 2 and contained 0.2 mM ethyleneglycol-bis (betaaminoethylether)-N, N′-tetraacetic acid. For Na + -free medium, Na + ions were isotonically replaced with N-methyl-D-glucamine. All fluorescent indicators were purchased from Molecular Probes (Eugene, OR, USA). F-12 medium, fetal bovine serum, horse serum, Hank's balanced salt solution, and penicillin were purchased from Gibco/Life Technologies (USA). All other chemicals were purchased from Sigma (USA). (Fig. 1A) . Oxygen fractions in the chambers were continuously monitored using an oxygen detector. A micro-dissolved oxygen electrode from Lazar Research Laboratories (DO-166MT-1) was used to detect the fluctuations of oxygen concentrations in the medium and the chamber. Fig. 1B and 1C shows the RA and IH profiles recorded in the gas phase and medium, respectively, in the plexiglas chambers.
The steady-state dissolved oxygen concentration in the medium was 16.3% and 9.8% within the RA and IH groups, respectively (Fig 1C) .
Measurement of steady-state intracellular pH (pHi) by flow cytometric analysis
After 4 days of RA or IH treatment, cardiomyocytes were washed with Tyrode solution. The cardiomyocytes were loaded with a proton indicator 2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF, 2 μM) for 30 min at 37°C. Subsequently, cells were trypsinized and harvested, and the pellet was resuspended in phosphate buffered saline. The positive control was resuspended in pH 4.5 high K + buffer with nigericin. Fluorescence was measured on a FACSCalibur flow cytometer (Becton-Dickinson, BD Biosciences) with a 488-nm argon laser. For each sample, 10000 events were acquired. All analyses were performed using the CellQuest Pro software.
Measurement of dynamic pHi
The cardiomyocytes were loaded with a proton indicator BCECF (2 μM) for 15 min using dual excitation ratiometric image analysis on a fluorescence microscope (DMI3000B; Leica). Cells were excited at 440 and 490 nm with an emission of 535 nm.
The standard ammonium prepulse in HEPES-buffered Tyrode solution (40 mM NH 4 Cl, 90 mM NaCl, 4.5 mM KCl, 1.0 mM MgCl 2 , 2 mM CaCl 2 , 11 mM glucose, and 10 mM HEPES) to decrease pHi was used [13] . In brief, NH 3 rapidly diffuses into the cell, where it primarily combines with H + ions, resulting in a rise in pHi. This is followed by a slower passive entry of NH 4 + (i.e., via K + channels) and slow reacidification ( Fig. 2A) of the pHi. The removal of NH 4 Cl then causes a pronounced intracellular acidification due to the accumulated NH 4 + ions diffusing out of the cell as NH 3 and leaving H + behind. The rate of pHi recovery from acidosis was defined as proton efflux rate (J H ), which was calculated as dpHi/dt × βi during the first 30 s. The dpHi/dt at each pHi (ranging from pH 5.9 to 6.5) was obtained from an exponential fit of the recovery phase. The βi (intrinsic intracellular buffering power) is described as the intracellular buffering capacity of the cardiomyocytes and was measured by exposing cells to varying concentrations of NH 4 Cl in Na ] i /ΔpHi and is referred to as the midpoint values of measured changes in pHi. βi at different levels of pHi were estimated from the least squares regression lines βi vs. pHi plots [14, 15] .
Measurement of intracellular Na
+ concentration ([Na + ] i ) The [Na] i of cardiomyocytes was measured by in vivo calibration, and was performed as described in the previous study [16] . In brief, the cells were loaded with 2.5 μM Sodium Green (a fluorescent sodium indicator) and 0.05% Pluronic F-127 for 1 hr at room temperature. Pluronic F-127 is a non-ionic surfactant which improves the uptake of several hydrophobic dyes. The loaded cells were washed thrice with Tyrode solution and trypsinized. Fluorescence was then measured on a Gallios flow cytometer (Beckman Coulter, USA) using excitation/emission wavelengths of 488/520 nm.
Calibration solutions containing increasing concentrations of Na + (0-140 mM) were prepared by mixing different proportions of a high Na + solution (115 mM sodium gluconate, 25 mM NaCl, 1 mM EGTA, 10 mM HEPES, and 11 mM glucose) and a high K + solution (115 mM potassium gluconate, 25 mM KCl, 1 mM EGTA, 10 mM HEPES, 11 mM glucose), both containing the Na + ionophore cocktail, gramicidin D (2 μM), monensin (40 μM), and strophanthidine (100 μM), and adjusting the pH to 7.4 at 37°C. Rmax (140 mM Na + ) and Rmin (Na + /serum free) represent the maximum and minimum ratio values for the data curve, respectively. Using a Hanes plot of the data from 12 calibration experiments, the mean apparent dissociation constant (Kapp) at 37°C was found to be 24.7 mM, close to the value determined in other studies [16, 17] . 
Western blotting analysis
Equal amounts of protein lysates were loaded and electrophoresed via SDS-PAGE and transfected onto a PVDF membrane. Membranes were probed with primary antibodies recognizing NHE1 and actin. Each primary antibody binding was detected with a secondary antibody and visualized using the enhanced chemiluminescence (ECL) method.
Statistics
All results obtained from individual cells are expressed as mean ± SEM for the stated number of animal preparations (n), each tested in duplicates. Statistical differences were compared using Student's t test, and p-value of <0.05 was considered statistically significant.
Results
IH does not change the basal steady-state pHi in neonatal cardiomyocytes.
The mean basal pHi value of neonatal cardiomyocytes in the HEPES-buffered Tyrode solution was 7.21 ± 0.02 (n = 47). We first used flow cytometric analysis to measure the basal steady-state pHi in neonatal cardiomyocytes after IH exposure for 1-4 days (Fig. 1D) . The results showed that no difference in the basal pHi between the RA and IH groups. Thus, IH did not change the basal pHi of neonatal cardiomyocytes.
IH significantly slows the rate of pHi recovery from acidosis in cardiomyocytes.
We used the standard ammonium prepulse method to examine the effect of IH on pHi recovery from acidosis in neonatal cardiomyocytes (Fig. 2) . The results showed that the magnitude of pHi change (delta pH) induced by the ammonium prepulse was the same in all groups (RA and IH, Fig. 2B ). However, the rate of pHi recovery from acidosis (i.e., proton efflux rate, J H ) became much slower in the IH group after IH exposure for 4 days (i.e., IH4D group) than in the RA group (Fig. 2B) . The steady-state oxygen concentration in the gas phase was 22% and 5.5% in the RA and IH groups, respectively. The steady-state dissolved oxygen concentration in the medium was 16.3% and 9.8% in the RA and IH groups, respectively. (D) The basal pHi in the neonatal cardiomyocytes was measured by the flow cytometric analysis. There was no difference in the basal pHi between the RA and IH groups. Quantification of the levels of the basal pHi in the cardiomyocytes exposed to RA for 4 days (RA4D, n = 10) and IH for 4 days (IH4D, n = 10). pH4.5 was designed as positive control. **p<0.01 compared to RA4D. HOE642) during recovery, the rates of pHi recovery from acidosis became very slow and were almost equal within the RA and IH groups (Fig. 3) . In contrast, when the NBC activity was inhibited by DIDS during recovery, the rates of pHi recovery from acidosis were not altered in either the RA or the IH groups (Fig.  3) . These results strongly suggest that NHE, but not NBC, plays a major role in pHi recovery from acidosis in cardiomyocytes during IH.
IH could slow the rate of pHi recovery from acidosis via ROS production but not activation of protein kinase C (PKC)
Our previous study showed that IH induced a mild increase in ROS generation that did not cause cardiomyocyte death [11] . We measured the amount of ROS in cardiomyocytes by fluorescent probes HE and DCFDA (Fig. 4) . The results showed that the levels of ROS were increased after IH exposure for 4 days (Fig. 4A and 4B ). However, this increase could be abolished by SOD (superoxide scavenger) and phenanthroline (a Fenton's reaction generated hydroxyl radical blocker). Interestingly, when cardiomyocytes were pretreated with SOD and phenanthroline to inhibit ROS production, the rates of pHi recovery from acidosis became the equal in the RA and IH groups (Fig. 4C-E) . In contrast, the recovery rate was still slower in the IH group verses the RA group when we pretreated cardiomyocytes with the PKC inhibitor chelerythrine. These results demonstrate that IH could slow the rate of pHi recovery from acidosis via ROS production but not the activation of PKC.
IH could significantly inhibit the activity of NHE-mediated acid extrusion even though NHE protein expression is upregulated
We have shown that NHE plays a major role in pHi regulation of the cardiomyocytes. IH could also significantly attenuate the activity of NHE-mediated acid extrusion in Fig. 2 . IH significantly slows the rate of pHi recovery from acidosis in the cardiomyocytes. (A) The standard ammonium prepulse (40 mM NH 4 Cl) in HEPES-buffered Tyrode solution was used to decrease pHi [13] . In brief, the NH 3 rapidly diffuses into the cell, where most of it combines with H + ions, resulting in a rise in pHi. This is followed by a slower passive entry of NH 4 + (eg, via K + channels) and slow "reacidification" of the pHi. Removal of NH 4 Cl then causes a large intracellular acidification, since all the accumulated NH 4 + ions diffuse out of the cell as NH 3 , leaving behind H + . The rate of pHi recovery from acidosis was the same after IH exposure for 1-3 days (IH1D-3D), but became significantly slower after IH exposure for 4 days (IH4D). The maximal degree of intracellular acidification was about pH 6.4 in all groups. (B) The magnitude of pHi change (delta pH) induced by the ammonium prepulse were the same in all groups after IH exposure for 1-4 days. (C) The quantified rate of pHi recovery from acidosis (i.e., proton efflux rate, J H ) was the same after IH exposure for 1-3 days (IH1D-3D), but became much slower after IH exposure for 4 days (18.2±0.7 and 12.6±0.8 mM/min in the RA4D group and IH4D group, respectively, n = 10, **p<0.01). -free Tyrode solution, Amiloride or HOE642 during the recovery, the rates of pHi recovery from acidosis became very slow and the same in both RA and IH groups. In contrast, when inhibition of sodium-bicarbonate cotransporter activity by DIDS during the recovery, the rate of pHi recovery from acidosis was not altered in both RA and IH groups. The maximal degree of intracellular acidification was pH 5.98 ± 0.02, 5.92 ± 0.03, 5.95 ± 0.02 and 6.28 ± 0.01 in the Na + -free, Amiloride, HOE642 and DIDS groups, respectively. (B) The magnitude of pHi change (delta pH) induced by the ammonium prepulse were the same in all groups after IH exposure for 4 days (n = 8-12 in each group). (C) The quantified rates of pHi recovery from acidosis (J H ) became very slow and the same in both RA and IH groups when treated with Na + -free Tyrode solution, Amiloride or HOE642 during the recovery. In contrast, the rate (J H ) was not altered in both RA and IH groups when treated with DIDS during the recovery. (n = 8-12 in each group. #p<0.01 compared to RA4D in Control group. **p<0.01 compared to RA4D in each group.) Fig. 4 . IH could slow the rate of pHi recovery from acidosis via production of reactive oxygen species (ROS) but not activation of protein kinase C (PKC). (A and B) The amounts of ROS in the cardiomyocytes were measured by fluorescent probes HE (A) and DCFDA (B). The amounts of ROS were increased after IH exposure for 4 days (IH4D, n = 8) (*p<0.05 compared to RA4D). Interestingly, the effect could be abolished by pretreatment with SOD (IH4D+SOD, n = 8) and phenanthroline (IH4D+Phe, n = 8) (#p<0.05 compared to IH4D in Control). (C) When cardiomyocytes were pretreated with SOD (pre-SOD group) and phenanthroline (pre-Phe group) to inhibit ROS production, the rates of pHi recovery from acidosis became the same in RA and IH groups. In contrast, the recovery rate remained slower in the IH group than in the RA group when pretreated cardiomyocytes with chelerythrine (Che group). The maximal degree of intracellular acidification was pH 6.21 ± 0.03, 6.28 ± 0.03, and 6.32 ± 0.02 in the pre-SOD, pre-Phe and Che groups, respectively. (D) The magnitude of pHi change (delta pH) induced by the ammonium prepulse were the same in all groups after IH exposure for 4 days (n = 8-10 in each group). (E) The quantified rates of pHi recovery from acidosis (J H ) showed the same in RA and IH groups for SOD (pre-SOD, n = 8) and Phe (pre-Phe, n = 10) pretreatment. But the recovery rate (J H ) remained slower in the IH group than in the RA group for Che pretreatment (pre-Che, n = 8). **p<0.01 compared to RA4D in each group. (Fig. 5B) . The results showed that [Na + ] i was significantly increased (~14 mM) after IH exposure for 4 days. However, the increase of [Na + ] i could be completely abolished by pretreatment with ROS inhibitors (SOD, 5 U and phenanthroline, 100 nM). Our previous study has shown that IH would activate a Ca 2+ efflux (forward) mode of Na + -Ca 2+ exchange (NCX), via mild ROS production, to carry extracellular Na + into the cell [11] . This would result in intracellular Na + accumulation. In this study, after inhibition of forward mode NCX activity by high-dose KB-R7943 (KBR, 30 μM) [18, 19] , the rise of [Na + ] i was abolished after IH exposure for 4 days (Fig. 5B) . Also, when cardiomyocytes were pretreated with the intracellular calcium chelator BAPTA-AM (2 μM), [Na + ] i was not increased but remained almost the same in the RA4D and IH4D groups (7.42 ± 2.06 and 7.08 ± 3.88 mM, respectively, n = 8-10, Fig. 5B ). This indicated that the rise of [Na + ] i after IH exposure for 4 days is dependent on intracellular calcium. Furthermore, We further used Na + -and Ca
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-free Tyrode solution or NCX inhibitor (KBR, 30μM) to prevent the intracellular Na + accumulation via NCX in ammonium prepulse after IH exposure for 4 days (Fig. 5C and 5D) . Interestingly, the rate of pHi recovery from acidosis became faster in the IH group than in the RA group. These results were consistent with the compensatory elevation of NHE1 protein expression after IH exposure for 4 days (Fig. 5A) .
Discussion
The principal findings of this study are as follows: IH (exposure to 9%-10% O 2 dissolved in culture medium for 4 days) increases ROS production, which then activates Ca 2+ efflux (forward) mode of NCX and results in intracellular Na + accumulation. The increase of [Na
further inhibits the activity of NHE-mediated acid extrusion and decreases the rate of pHi recovery from acidosis during IH. The phenotype of cultured neonatal cardiomyocytes is extremely stable, and their contractile profile during hypoxia-reoxygenation is comparable to that of in situ heart during ischemia/reperfusion [20] . Previous findings have demonstrated that hypoxic stress is not associated with any significant metabolic, structural or functional damage in the cardiomyocytes [21] . In this study, spontaneous contractile activity remained stable up to 4 days in the cultured neonatal cardiomyocytes exposed to RA or IH. The cell culture model of IH might provide insight into the mechanism associated with pHi regulation during adaptation to IH in cardiomyocytes.
IH inhibits the activity of NHE-mediated acid extrusion in cardiomyocytes
Our results show that IH does not change the basal pHi in neonatal cardiomyocytes, consistent with the previous study [11] . We used Na + -and Ca 2+ -free Tyrode solution or NCX inhibitor (high-dose KBR, 30μM) [18, 19] to prevent intracellular Na + accumulation via NCX in ammonium prepulse after IH exposure for 4 days (Figs 5C and 5D) . Interestingly, the rate of pHi recovery from acidosis became faster in the IH group than in the RA group. These data demonstrated that during exposure to IH, cardiomyocytes upregulate the expression of NHE1 protein to increase the process of acid extrusion and simultaneously activate NCX (due to elevated ROS production), thereby leading to intracellular Na + accumulation, which inhibits the activity of NHE1 protein and, thus, decreases acid extrusion. In summary, IH could significantly inhibit the activity of NHE-mediated acid extrusion, although NHE1 protein expression is compensatorily upregulated.
The cardioprotective effect of IH is dependent on the degree of hypoxia
There are two types of IH: acute (several cycles over a short period) and chronic (lasting several days or weeks). Both acute and chronic IH essentially involve recurrent reoxygenation cycles, leading to an increased production of intracellular oxidative stress [1] . The burst of ROS production occurring during hypoxia-reoxygenation cycles is considered a key factor in cell damage. In contrast, mild ROS production can also be protective in a preconditioninglike manner and induce stress responses, leading to cell survival [4] . Some previous studies have demonstrated increases in the infarct size induced by ischemia/reperfusion in isolated rat hearts exposed to IH induced by exposure to 5% O 2 for 4 hr [9] for 35 consecutive days (8 hr/day) [22] . In contrast, IH preconditioning with 10% O 2 for 4 hr induces cardioprotection, as illustrated by a reduction in the infarct size in isolated rat hearts [9] . The cardioprotective effect was also observed after chronic IH induced by exposure to 9.5%-10% O 2 for 20 [10] . These different effects of IH were probably observed because of the correlation between significant increases in cellular ROS generation and the degree of hypoxia compared with the normoxia. This is why, in this study, we examined the cardioprotective effect of IH induced by 1-4 days of exposure to 9%-10% O 2 dissolved in the culture medium (Fig. 1) . Exogenous 100 μM H 2 O 2 , but not 10 μM H 2 O 2 , have been shown to stimulate NHE activity via the activation of extracellular signal-regulated kinase and PKC in adult rat ventricular myocytes [23] . A previous study has reported that the high production of mitochondrial ROS could activate NHE and NBC via the stimulation of the ROS-sensitive MAPK cascade [24] . Furthermore, Eigel et al. have reported that ROS is required for the rapid reactivation of the reverse mode of NCX in hypoxic reoxygenated guinea pig ventricular myocytes [25] . In their hypoxia-reoxygenation experimental model, they used an anoxia environment (approximately 0% O 2 ) during the hypoxia period [26, 27] . This induces a much larger amount of ROS generation than that within our IH model (9%-10% O 2 dissolved in medium). Our previous study has demonstrated that IH (exposure to 9%-10% O 2 ) for 1-4 days did not increase cell death possibly because hypoxia with 9%-10% O 2 would only induce non-lethal oxidative stress in cardiomyocytes [11] . In this study, we further demonstrated that a mild increase of IH (exposure to 9%-10% O 2 ) induced ROS that could inhibit the activity of NHEmediated acid extrusion via intracellular Na + accumulation. Thus, the effects of ROS on NHE and NCX activity appear to be complex and may vary with cell types, amounts of ROS, and experimental models.
Intracellular Na
+ could control acid extrusion of cardiomyocytes The transmembrane Na + gradient is essential for both the excitability of cardiomyocytes and the regulation of cytoplasmic concentrations of Ca 2+ and protons. Na + influx into a resting cell occurs by several routes, including Na + channels, NCX, NHE, NBC, Na
cotransporter, and Na + /Mg 2+ exchange. The heart is not normally at rest, but rather regularly beats. This activity increases the amount of Na + entering via Na + channels and also via NCX (i.e., Na + enters the cell in exchange for the Ca 2+ that enters via the L-type Ca 2+ channels) [28] . However, throughout the cardiac cycle, there is a net Na + influx via NCX. Conversely, NHE uses the energy provided by Na + ions entering the cell to pump H + out (i.e., NHE-mediated acid extrusion). The turnover rate of NHE and, therefore, the activity of acid extrusion will be dependent on [ ] i during ischemia alters the reversal potential of NCX in a manner that inhibits its operation in the forward mode but favors its operation in the reverse (Ca 2+ influx) mode, thus producing intracellular Ca 2+ overload during both ischemia and subsequent reperfusion [6] [7] [8] . Thus, the IH-induced inhibition of the activity of NHE-mediated acid extrusion would afford a preconditioning-like cardioprotective effect during ischemia and reperfusion by inhibiting this sequence at an early stage.
Conclusion
The increase of IH-induced ROS can inhibit the activity of NHE-mediated acid extrusion via intracellular Na + accumulation. The effect would slow the rate of intracellular pH recovery from acidosis during IH. 
